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Summary 
Inwardly rectifying K+ channels are distantly related 
to their voltage-gated counterparts and possess a 
structural motif of only two putative transmembrane 
segments in each subunit. They areformed by the as- 
sembly of an unknown number of subunits. We have 
examined the subunit stoichiometry of a strongly recti- 
fying K+ channel, IRKl, by linking together the coding 
sequence of three or four subunlts and distinguishing 
channels with different numbers of subunits carrying 
a double mutation that alters inward rectification and 
single-channel properties. We find that IRK1 channels, 
like voltage-gated K+ channels, are tetrameric chan- 
nels. Interestingly, the high sensitivity to Mg2+ and 
polyamines, cations that produce inward rectification 
by blocking the channel pore from the cytoplasmic 
side, is largely retained in a channel containing only 
one wild-type subunit and three subunits bearing mu- 
tations that abolish high affinity Mg2+ and polyamine 
block. 
Introduction 
Inwardly rectifying K+ channels conduct inward current 
more efficiently than outward current. Molecular cloning 
has revealed that they form a new superfamily of K’ chan- 
nels that includes the strong inward rectifier IRK1 (Kubo 
et al., 1993a), thJs weak rectifier ROMKl (Ho et al., 1993) 
and the G protein-activated inward rectifier GIRKI (Das- 
cal et al., 1993; Kubo et al., 1993b). These K+ channels 
differ markedly from the voltage-gated K+ channels in pri- 
mary sequence and contain a common structural motif of 
only two putative transmembrane segments and an H5 
(P) region in each subunit. When expressed in Xenopus 
laevis oocytes, some subunits presumably form homo- 
multimeric channels, whereas others can form heteromul- 
timeric channels (Kofuji et al., 1995; Krapivinsky et al., 
1995). The number of subunits comprising an inward recti- 
fier K+ channel has not been convincingly established. 
Based on comparisons of sequence, transmembrane to- 
pology, and biophysical properties, it was proposed that 
inward rectifiers may correspond to the inner core struc- 
ture (S5-H5-S6) of voltage-gated K+ channels and may 
be tetramers (Kubo et al., 1993a). However, it has been 
reported recently, based on size-exclusion chromatogra- 
phy, that GlRKl and another inward rectifier subunit, CIR, 
can form a large heteromultimeric complex containing 
more than four subunits (Krapivinsky et al., 1995). This 
conclusion would suggest a substantial difference in sub- 
unit assembly and mechanism of ion selectivity and per- 
meation between inward rectifiers and voltage-gated K’ 
channels, which have been shown by several experimen- 
tal approaches to be formed by the assembly of four pore- 
forming a subunits (MacKinnon, 1991; Liman et al., 1992; 
Li et al., 1993). A more direct test of the subunit stoichiome- 
try of inward rectifier K+ channels thus seems desirable. 
Studies on native and cloned inward rectifiers have 
shown that these channels are blocked by cations such as 
Mg* (Matsuda et al., 1987; Vandenberg, 1987; Matsuda, 
1988; lshiharaet al., 1989; Lu and MacKinnon, 1994; Nich- 
ols et al., 1994; Stanfield et al., 1994; Taglialatela et al., 
1994) and polyamines (Ficker et al., 1994; Lopatin et al., 
1994; Fakler et al., 1995) from the cytoplasmic side. In- 
deed, voltage-dependent block of the channel pore by 
these cations appears to be the main underlying mecha- 
nism of inward rectification. In the strongly rectifying IRK1 
channel, two negatively charged residues, D172 in the 
putative second transmembrane segment (Ficker et al., 
1994; Stanfield et al., 1994; Wible et al., 1994) and E224 
in the putative cytoplasmic carboxyl domain, contribute 
simultaneously and independently to the high affinity bind- 
ing of Mg*+ and polyamines (Yang et al., 1995). In the 
weakly rectifying ROMKl channel, which is only weakly 
sensitive (with an apparent dissociation constant in the 
millimolar level) to Mg*+ and polyamines (Lu and MacKin- 
non, 1994; Nichols et al., 1994; Yang et al., 1995) the 
analogous positions are occupied by asparagine and gly- 
tine, respectively. When D172 and E224 in IRK1 are re- 
placed by their counterparts in ROMKl, the resulting mu- 
tant channel shows greatly reduced sensitivities to Mg*+ 
and polyamines (Yang et al., 1995). The presumed multi- 
merit nature of inward rectifier K+ channels raises the in- 
teresting question of whether a blocking ion interacts si- 
multaneously with binding determinants (such as D172 
and E224) in all subunits or primarily with those in a single 
subunit. 
We have examined the subunit stoichiometry and inter- 
action between blockers and channel subunits of the 
strongly inwardly rectifying IRK1 channel by constructing 
tandem multimers consisting of three or four IRK1 sub- 
units. Expression of a given subunit was detected by tag- 
ging the subunit with a double mutation that alters the 
functional properties of the channel. A direct assessment 
of the number of subunits required to form a functional 
channel was further obtained by coexpressing the tandem 
trimer or tetramer of wild-type subunits with the mutant 
monomer. Our results show that the IRK1 K’ channel is 
a tetramer and that the blocking ions that produce inward 
rectification appear to interact primarily with one of the 
four subunits forming the channel. 
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Results 
Channels Formed by IRK1 Tandem Multimers 
Resemble Those Formed by Monomers 
To determine the subunit stoichiometry of the IRK1 in- 
wardly rectifying K+ channel, we constructed tandem tetra- 
mers or trimers consisting of the coding regions of IRK1 
subunits linked in a head to tail fashion, a method first used 
to examine the subunit composition of a voltage-gated K+ 
channel (Liman et al., 1992). The construct containing four 
IRK1 subunits on a single polypeptide chain mimics the 
basic design of the principal pore-forming subunit (a or 
a,) of voltage-gated Na+ and Ca2+ channels, which con- 
tains four homologous internal repeats (Noda et al., 1984; 
Tanabe et al., 1987). It has been shown for a voltage-gated 
K+ channel that the four subunits linked in such a fashion 
can preferentiallycoassemble to form a functional channel 
(Liman et al., 1992; Tytgat and Hess, 1992). Figure 1 
shows that IRK1 K+ channels expressed in Xenopus oo- 
cytes from a cDNA encoding the wild-type tetramer (WTd) 
were indistinguishable from channels formed by the wild- 
type monomer (WT) in gating kinetics (Figure lA), extent 
of inward rectification (Figures 1A and 1 B), sensitivity to 
spermidine (SPD, a polyamine; Figure 1C; Table l), and 
single-channel properties (Figure 1 D). The wild-type trimer 
&VT,) also generated inwardly rectifying currents with the 
same macroscopic and microscopic properties as chan- 
nels formed by the wild-type monomers (Figure 1). Thus, 
concatenating the subunits did not appear to perturb the 
functional properties of the channel. 
Equivalence of the Four Subunits in the IRK1 
Tandem Tetramer 
If the IRK1 K+ channel is composed of four subunits, linking 
together four subunits into a single polypeptide chain will 
increase the relative concentration of the subunits to such 
a high level that most channels will be formed by intramo- 
lecular assembly of the four subunits on the same polypep- 
tide chain. This was tested by tagging an individual subunit 
with a double mutation, D172N-E224K (NK), which is ex- 
pected to weaken rectification, reduce Mg* and polya- 
mine block, and alter single-channel properties (Yang et 
al., 1995). Tetramers containing one, two, or three mutant 
subunit(s) (NK,, NK2, and N&, respectively) at various po- 
sitions were constructed and expressed in oocytes (see 
Figure 2A for explanation of nomenclature). Channels de- 
rived from each type of tetramer exhibited a distinct rectifi- 
cation phenotype in cell-attached macropatch recordings; 
the magnitude of outward current increased with the num- 
ber of mutant subunits present within the tetramer (Figure 
28). These channels also showed different affinities for 
SPD; compared with wild-type channels, the high affinity 
binding was weakened by - 5fold in NK, and by -g-fold 
in NIG (Figure 2C; see Table 1). Whereas channels ex- 
pressed from tetramers with different numbers of mutant 
subunits behaved differently, those from tetramers with 
the same number of mutant subunits showed very similar 
rectification (Figure 28) and sensitivity to SPD (Figure 2D), 
regardless of the location of the mutant subunit(s) in the 
tandem construct. Thus, the four subunits on the same 
polypeptide chain seem to be equivalent and contribute 
equally to the functional channel. 
Coexpression of Tandem Multimers 
and a Mutant Monomer 
To examine further the subunit stoichiometry, we coex- 
pressed the wild-type tetramer (WT.,) or trimer (WT3) with 
the NK mutant monomer, which produced negligible cur- 
rent in macropatches when expressed alone (data not 
shown). The rationale is that, if the IRK1 K+ channel is 
composed of four subunits, coexpression of an excess 
amount of NK monomer with WT, will have little effect on 
the functional properties of the resultant channels, since 
most functional channels are formed by intramolecular 
D 
A WT B 0.05 T Normalized I i-7 
WT Figure 1. Channels Expressed from Wild-Type 
Tetramer or Trimer Are Identical to Those from 
Wild-Type Monomer 
(A) Currents from oocytes expressing wild-type 
monomer (WT), wild-type trimer (WT,), or wild- 
type tetramer (WT& elicited by a 4 ms test po- 
tential of +40 to -80 mV in 20 mV intervals 
from a holding potential of 0 mV. 
(6) Current-voltage (I-V) relations in cell- 
attached macropatches. Current was gener- 
ated by voltage ramps from -100 to +lOO mV 
over 350 ms, normalized by the amplitude at 
-100 mV, and averaged (n = 4-6). The abso- 
lute current amplitude at -100 mV was 13 f 
2.3 nA for WT. 11 f 1.3 nA for WT., and 10.8 
f 1.7 nA for WT,. 
2 mser [Spermidine], (M) 
(C) Dose-response relations for spermidine 
(SPD) block of outward K+ current recorded at 
+40 mV from insideout patches (n = 4-7). 
Smooth curves are the least-squares fits to 
equation 1. 
(D) Single-channel currents at -100 mV and single-channel I-V relations in cell-attached patch recordings. Dotted lines indicate zero current 
(closed channel). Smooth curves are fits to a second order polynomial with no theoretical significance. The limiting single-channel slope conductance 
is 23 + 0.3 pS (n = 9) for WT, 24 it 0.6 pS (n = 8) for WT,. and 23 f 0.6 pS (n = 7) for WT,. 
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Figure 2. Four Subunits in an IRK1 Tandem 
Tetramer Contribute Equally to a Functional 
Channel 
(A) Nomenclature of tetrameric constructs con- 
taining different numbers of Dl72N-E224K 
(NK) mutant subunits (closed circles), with a 
general form of NKx(Y) in which X and Y indi- 
cate the number and position(s) of the mutant 
subunit, respectively. 
(6) I-V relations in cell-attached macropatches 
forwildtype(WT), NK, mutants(NK,(l), NK,(2), 
NK1(3), and NK,(4)), NIG mutants (N&(2,3) 
[closed squares] and N&(2,4) [open trian- 
gles]), and N&(1,2,3). The four NK, mutants 
are superimposed (open squares), as are the 
two NK? mutants. Current was generated by 
voltage ramps from -100 to +lOO mV over 350 
ms, normalized by the amplitude at -100 mV, 
and averaged (n = 4-6). Only the outward cur- 
rent is shown. The absolute current amplitude 
at -100 mV was 13 f 2.3 nA for WT, 8.7 f 
1.1 to 11.5 f 1.6 nAforNK,, 6.3 f 1.5nAfor 
NKz(2,3), 5.4 + 1.1 nA for NK2(2,4), and 1.3 
r?l 0.5 nA for N&(1.2,3). 
(C) Dose-response relations for SPD block of 
outward K+ current recorded at +40 mV from 
inside-out patches (n = 4-7). Smooth curves 
are the least-squares fits to equation 1. The dose-response relation for the D172N-E224G (NG; Yang et al., 1995) mutant is shown here for 
comparison since current from NK,(1,2,3) or NK monomer was too small to be studied in inside-out patches. 
(D) Percentage of current blocked by 100 nM SPD at +40 mV (n = 4-6). 
assembly of the four subunits within a tetramer. On the 
other hand, coexpression of the NK monomer with WT3 will 
produce channels that most likely incorporate one mutant 
subunit and hence can be distinguished functionally from 
the wild-type channel. 
The results of such coexpression experiments are 
shown in Figures 3 and 4. As expected, channels ex- 
pressed from coinjection of WT, and NK monomer with a 
molar ratio of 1:4 behaved similarly to the wild type in 
rectification (Figure 3A) and sensitivity to SPD (Figure 38; 
see Table 1). This suggests that the number of subunits 
comprising a functional IRK1 K+ channel does not exceed 
four. In contrast, the macroscopic properties of channels 
resulting from coinjection of WT3 and NK monomer (also 
with a molar ratiobf 1:4) differ markedly from those of the 
wild-type as well as thoseof NK2(2,3), but are indistinguish- 
able from those of NK,(2), indicating that most functional 
channels contain one NK monomer. Thus, in the presence 
of an excess amount of monomer, WTa tends to coassem- 
ble with one and only one monomer to form a functional 
channel. 
These notions were strongly reinforced by single- 
channel recordings that allowed the direct identification 
of individual channels expressed by each type of cDNA 
alone or in combination, based on the open-channel noise 
and conductance (Figure 4). Thus, most channels (12 of 
13) recorded from coexpression of WT4 and NK monomer 
were indistinguishable from the wild type, with conduc- 
tances of 21.8 + 0.3 pS and 23.3 * 0.3 pS, respectively. 
The one exception resembled channels expressed from 
NK,(2), presumably owing to one NK monomer replacing 
one of the four subunits of WT,. On the other hand, the 
majority of channels (18 of 22) obtained from coexpression 
of WT, and NK monomer were identical to the predominant 
population of channels (15 of 18) expressed by NK,(2), as 
judged by the flickery appearance of the open-channel 
current and reduced mean single-channel conductances, 
which were 15.7 + 0.2 pS and 15.3 + 0.1 pS, respec- 
tively. The remainder were similar to the wild-type channel 
and were presumably formed by four wild-type subunits 
contributed by two WTa or two NK,(2) polypeptides. When 
expressed alone, WT3 produced wild type-like channels 
Table 1. Affinities for Spermidine and Mgz+ of Channels Expressed 
from Different Types of Constructs 
Construct Type Km (PM) 11 KDZ WV 12 
SPD 
WT (monomer) 0.006 0.7 2.67 0.3 
w-r4 0.007 0.71 1.6 0.29 
w-r3 0.007 0.7 2.3 0.3 
NK, (2) 0.043 0.6 9.6 0.4 
NKz (23) 0.075 0.54 16 0.46 
WTJNK 0.005 0.7 3.45 0.3 
WTJNK 0.039 0.6 6.5 0.4 
NG, (1,2,4) 0.05 0.63 61 0.37 
D172N-E224G 142 0.54 2207 0.46 
Mg2+ 
WT (monomer) 17 0.76 2170 0.24 
NGs (1,2,4) 16 0.76 3590 0.24 
Oocytes were injected with cRNA for an individual construct or a mix- 
ture of cRNAs (see text). Dose-response data from Figures l-4 were 
fitted to the sum of two Hill equations: 
111~~ = h/II + ([Xl&s,)1 + lz/[I + ([Xl/K&l, 
where [X] is the free Mg*’ or SPD concentration. 
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Figure 3. Macroscopic Properties of Channels from Coexpression of 
Wild-Type Tandem Tetramer or Trimer with a Mutant Monomer 
(A) I-V relations in cell-attached macropatches from oocytes express- 
ing wild type (closed circles), NKz(2,3) (closed squares), a 1:4 mixture 
of WT4 and NK (open circles), NK,(2) (open squares), or a 1:4 mixture 
of WT, and NK (open triangles). The latter two are superimposed. 
Current was generated by voltage ramps from -100 to +lOO mV over 
350 ms, normalized by the amplitude at -100 mV, and averaged 
(n = 4-6). Only the outward current is shown. The absolute current 
amplitude at -100 mV was 13 f 2.3 nA for WT, 10.4 f 2.1 nA for 
WTJNK, and 9.3 f 1.8 nA for WTJNK. 
(6) Dose-response relations for SPD block of outward K’ current re- 
corded at +40 mV from inside-out patches (n = 4-7). Symbols are 
as above. Smooth curves are the least-squares fits to equation 1. 
with a single-channel conductance of 23 f 0.6 pS (n = 
7; see Figure l), presumably as a result of association of 
four subunits from more than one WTs polypeptide, as has 
been observed for a voltage-gated K+ channel (Liman et 
al., 1992). Besides smaller single-channel conductance, 
channels containing one NK mutant subunit also showed 
more pronounced inward curvature in single-channel cur- 
rent-voltage plots than did the wild-type channel (Figure 
48). These channels could be further distinguished from 
those with two NK subunits as the latter showed an even 
smaller conductance of 10.6 + 0.2 pS (n = 6) and a more 
pronounced inward rectification, in single-channel current- 
voltage relations. These results together provide strong 
evidence that the IRK1 K+ channel expressed in oocytes 
is composed of four subunits. 
interaction between Pore Blockers 
and Channel Subunits 
The tetrameric structure of the IRK1 channel raises an 
interesting question about the interaction between chan- 
nel subunits and Mg*’ or polyamines: does a pore blocker 
interact primarily with one or simultaneously with all four 
subunits forming the channel? We examined this by con- 
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Figure 4. Single-Channel Properties of Channels from Coexpression 
of Wild-Type Tandem Tetramer or Trimer with a Mutant Monomer 
(A) Single-channel currents and normalized amplitude histograms at 
-120 mV in cell-attached patches. Dotted lines indicate zero current. 
Drawings on the right depict the presumed channel type. 
(6) Single-channel I-V relations in cell-attached configuration. Sym- 
bols are as in Figure 3. Smooth curves are fits to a second order 
polynomial with no theoretical significance. 
strutting tetramers consisting of one wild-type subunit and 
three mutant subunits bearing adifferent double mutation, 
D172N-E224G (NG); we refer to these as NGJ. This double 
mutation reduces the affinity of homomeric mutant chan- 
nels for Mg*+ by -33-fold (with a K. of - 0.56 mM) and 
for SPD by >104-fold (with a KO of <0.14 mfvl) and yet still 
allows significant current flow (Yang et al., 1995). Chan- 
nels expressed from NGJ still exhibited strong inward 
rectification (data not shown) and, as exemplified by 
NG#,2,4), could be easily distinguished from the wild- 
type channel or the homomeric mutant channel by their 
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Figure 5. High Sensitivity to Mg2+ and Spermidine Conferred by a Single Wild-Type Subunit 
(A) Single-channel currents and normalized amplitude histograms at -100 mV in cell-attached patch recordings. 
(B and C) Dose-response relations for Mg*+ or SPD block of outward K’ current recorded at +40 mV from inside-out patches (n = 4-7). Smooth 
curves are the least-squares fits to equation 1. The dose-response relations for homomeric NG mutant channels are shown for comparison. 
(D and E) Percentage of current blocked by 100 mM Mg2+ or 100 nM SPD at +40 mV (n = 4-8). 
single-channel current amplitude and flicker (Figure 5A). 
Surprisingly, NG$,2,4) channels retained a high Mg*+ 
sensitivity nearly identical to that of the wild type (Figure 
58) and their sensitivity to SPD was about one-sixth that 
of the wild-type channel (Figure 5C; see Table 1). Thus, 
the presence of only one wild-type subunit was able to 
confer the tetrameric channel with high sensitivity to the 
blocking ions. Indeed, channels containing only one wild- 
type subunit at any one of the four positions showed simi- 
larly high affinities for Mg*+ (Figure 5D) or SPD (Figure 
5E). These resultsfurthersupporttheconclusion that IRK1 
K’ channels are tetramers and indicate that a blocking 
Mg*+ or SPD ion probably interacts primarily with one of 
the four subunits. 
Discussion 
We used an approach of linking together the coding se- 
quences of multiple channel subunits to determine the 
subunit stoichiometry of the IRK1 inwardly rectifying K+ 
channel. This method was first used by Liman et al. (1992) 
to examine the number of subunits forming a voltage- 
gated K+ channel (Kvl .l), which, like the Shaker K’ chan- 
nel (MacKinnon, 1991; Li et al., 1993) is a tetramer. Em- 
ployment of this approach requires a way to detect the 
expression of a given subunit. The double mutation 
Dl72N-E224K (NK) in IRK1 turns out to be ideal for this 
purpose: the presence of only one NK mutant subunit in 
a tetramer was capable of altering inward rectification, 
sensitivity to SPD, and single-channel behavior of the ex- 
pressed channels. While the interpretation of the results 
obtained by this approach does not rely on specific as- 
sumptions about subunit assembly, it assumes that the 
tandem multimers are generated in full length. This as- 
sumption is supported by the observation that channels 
expressed from tetramers with one NK mutant subunit 
at any one of the four positions exhibited similar inward 
rectification and sensitivity to SPD, a result not to be ex- 
pected if there were a large population of truncated 
multimers. 
Because of varying recording conditions (such as size 
of the recording pipette, site of recording on the oocyte, 
and day of recording after injection), the absolute current 
amplitude recorded from macropatches at negative poten- 
tials (e.g., -100 mV) varied widely in oocytes injected with 
different constructs and even with a single construct. It is 
therefore difficult to extract meaningful information from 
these data. Nevertheless, there appears to be a correlation 
between the macroscopic current amplitude and the num- 
ber of mutant NK subunits present in the functional chan- 
nels: the more the NK subunit, the smaller the current. 
This notion issupported bysinglechannel datathat clearly 
demonstrate the attenuation effect of the NK subunit on 
the single-channel conductance of the functional channel. 
Strong evidence that the IRKl. K+ channel is a tetramer 
comes from the experiments coexpressing wild-type tan- 
dem tetramer (WT,) or tandem trimer (WT,) with the NK 
mutant monomer (see Figures 3 and 4). The possibility of 
a stoichiometry of less than four can be excluded since 
WTz tends to coassemble with one monomeric subunit to 
form functional channels. On the other hand, the finding 
that WT, forms functional channels without the contribu- 
tion of monomeric mutant subunits, even in the presence 
of an excess amount of these mutant monomers, rules 
out a stoichiometry of more than four. This result also 
indicates that channels expressed from tandem tetrameric 
constructs are indeed formed predominantly by intramo- 
lecular assembly of the four subunits linked on the same 
polypeptide chain, although association of subunits from 
two or more tetramers can occur occasionally, as detected 
at the single-channel level for a tetramer containing one 
NK mutant subunit, NK,(2). 
The same tetrameric subunit stoichiometry of the dis- 
tantly related voltage-gated and inwardly rectifying K+ 
channels is consistent with the functional similarity (K+-se- 
lective permeation) and proposed evolutionary link (Kubo 
et al., 1993a) between the two families. Thestructural motif 
of two transmembrane segments plus a putative pore- 
forming region is shared by several other ion channels 
cloned recently, including the amiloride-sensitive Na+ 
channels (Canessa et al., 1994), putative mechanosensi- 
tive ion channels from Caenorhabditis elegans (Hong and 
Driscoll, 1994; Huang and Chalfie, 1994), and the PW re- 
ceptor channel (Brake et al., 1994; Valera et al., 1994). It 
will be interesting to determine the subunit stoichiometry 
of these ion channels, particularly that of Pzx receptor 
channel, in light of the fact that it shows inward rectification 
and shares the same transmembrane topology as inward 
rectifier K+ channels, but is nonselective for monovalent 
cations and is gated by extracellular ATP, analogous to 
other ligand-gated channels such as the pentameric nico- 
tinic acetylcholine receptor (Unwin, 1989; Cooper et al., 
1991). 
Inward rectification in IRK1 K+ channels is largely attrib- 
uted to voltage-dependent block of the channel pore by 
Mg*+ and polyamines from the cytoplasmic side (Ficker 
et al., 1994; Lopatin et al., 1994; Stanfield et al., 1994; 
Taglialatela et al., 1994; Fakler et al., 1995; Yang et al., 
1995). A surprising finding of the present study is that 
channels expressed from a tetramer (NC,) composed of 
three D172N-E224G (NG) mutant subunits and only one 
wild-type subunit still showed strong inward rectification, 
identical affinity for Mg*+, and one-sixth sensitivity (for the 
high affinity binding) to SPD as compared with the wild- 
type channel, even though the homomeric NG channel 
exhibited greatly reduced sensitivity to Mg*+ (by -33-fold) 
and SPD (by >104-fold; see Yang et al., 1995). Thus, in 
channels formed by NG3, a blocking ion such as SPD can 
interact strongly and primarily with the binding determi- 
nants, including residues D172 and E224 on the only wild- 
type subunit, to produce high affinity block. This suggests 
that in the wild-type IRK1 channel, which has a4-fold sym- 
metry, a SPD ion can bind to the channel in four indistin- 
guishable configurations. However, while a bound SPD 
ion may interact predominantly with one of the four sub- 
units, residues such as D172 and E224 on the other sub- 
units also seem to contribute to the binding (probably via 
through-space electrostatic interaction) since the affinity 
(one-sixth of the wild type) of channels formed by NG3 is 
lower than that (one-quarter of the wild type) expected if 
only one subunit participates in the binding. 
We have previously shown that block by Mg*+ and poly- 
amines of wild-type IRK1 channels does not conform to 
one to one binding (Yang et al., 1995). Instead, the dose- 
response relations exhibit two distinct components (corre- 
sponding to a high affinity binding and a low affinity bind- 
ing) that may result from the binding of more than one 
blocking ion in a single channel pore. Our present finding 
that a single wild-type subunit, along with three NG mutant 
subunits, is capable of supporting high affinity binding of 
the blocking ions, is consistent with this notion. One hy- 
pothesis that explains these results is that a blocker binds 
predominantly to one of the four subunits with high affinity 
and reduces but does not abolish the current flow; a sec- 
ond blocker binds to the same channel with lower affinity 
(as a result of the electrostatic repulsion and steric hin- 
drance between the blockers) and completely occludes 
the channel pore. A direct test of this hypothesis awaits 
detailed analysis of single channels exposed to known 
concentrations of blocking ions from the cytoplasmic side. 
Experimental Procedures 
Construction of Tandem Muitimere 
Tetrameric or trimeric cDNAs were constructed in three steps. First, 
five monomeric cDNAs with unique restriction site(s) and/or linkers 
were constructed in pBiuescript SK(-) (Strategene). Subunit A: a linker 
containing 10 giutamines plus the first 10 amino acids from IRK1 with 
a built-in PinAi site was ligated into the Afiii-Hindiil sites. Subunit B: 
a linker containing IO giutamines and residues ThrArg (bearing a Miul 
site) was subcloned as described above, and a PinAi site was engi- 
neered at the beginning of the N-terminus at the AsnArg residues. 
Subunit C: a Miui site was created in subunit A before the starting 
codon. Subunit D: same as subunit B but without the linker. Subunit 
E: same as subunit C but without the linker. Second, the PinAi-Hindiil 
fragment from subunit B was ligated in-frame into subunit A to create 
dimer A-B, and that from subunit D into subunit C to create dimer 
C-D. Third, the Psti-Miui fragment from dimer A-B was subcloned 
into dimer C-D to produce a tetrameric cDNA, or into subunit E to 
produce a trimeric cDNA. Site-directed mutations were generated by 
polymerase chain reaction cassette mutagenesis and confirmed by 
sequencing. 
Oocyte Expreeelon 
To obtain high level expression in oocytes, all constructs were sub- 
cloned from pBiuscript SK(-) (the BamHi-Hindiii fragment containing 
the entire coding region) into vector pGEMHE (Liman et al., 1992), 
which contains 5’ and 3’ untranslated regions of a Xenopus b-globin 
gene. cRNAs for all constructs were transcribed in vitro using the 
T7 RNA polymerase following linearization of the cDNAs with Nhel. 
Oocytes isolated from Xenopus laevis were injected with 0.2-5 ng of 
cRNA, maintained in an 18% incubator, and used for recordings 
2-15 days after injection. 
Electrophysioiogy 
Patch-clamp recordingswere performed using the Axopatch 200A am- 
plifier (Axon Instruments). The oocyte was bathed in a Mg”- and polya- 
minbfree control solution containing 110 mM KCI, 10 mM HEPES, 9 
mM EGTA, 1 mM EDTA, and 200 pM CaCi, (pH adjusted to 7.3 with 
KOH; total [K’] = - 140 mM). Recording glass pipettes pulled from 
Pyrex glass tubes (Corning) were filled with a solution of 130 mM KCI, 
10 mM HEPES, and 3 mM MgCi~ (pH adjusted to 7.3 with KOH; total 
[K’] = - 140 mM) and had resistances of 0.3-l .5 MO for macropatch 
recording or s-10 MQ for single-channel recording. Currents were 
generated by either voltage ramps or steps with varying durations 
(0.35-4 s) for different channels, depending on the time course of 
the voltage-dependent relaxation. At the end of all experiments, the 
membrane patch, excised into inside-out configuration, was exposed 
to a solution containing 10 mM free Mg- to induce complete current 
rundown. Subsequently obtained records were used for off-line leak 
subtraction. Current records were filtered at l-5 kHz and digitized at 
2-50 kHz for macropatch recordings, and filtered at 1 kHz and digitized 
at 2.5 kHz for single-channel recordings. Experiments were done at 
room temperature (22%-24%). 
Free Mp concentration was obtained by adding to the control bath 
solution the appropriate amount of MgC&, calculated using stability 
constants of 9.93 for EDTA and 5.29 for EGTA binding of M& (Marteii 
and Smith, 1974). SPD was added to the control bath solution immedi- 
ately before the experiment and used for <3 hr. in calculating percent- 
age block, current was normalized to the same size at -100 mV to 
minimize the effect of rundown. 
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Data Anal@ 
Dose-response data were fitted to the sum of two Hill equations: 
lllcm = 1,111 + ([X]IKD,)J + lz/[l + ([X]/Kos,)l, (1) 
where [X] is the free fvlg= or SPD concentration, II and I2 are the 
fractional currents of the two components (I, + IZ = l), and Ko, and 
KD2 are the apparent dissociation constants. 
The mean amplitude of the unitary currents was estimated for each 
patch by fitting a single Gaussian to a leak-subtracted amplitude histo- 
gram. Data are presented as mean f SEM (number of observations). 
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Note Added in Proof 
A recent report by Glowatzki et al. (Proc. R. Sot. Lond. [B] 267, 251- 
261, 1995) also concluded that inward rectifier K’ channels are tetra- 
mers. 
